Dendritic cells (DCs) play a pivotal role in the establishment and dissemination of human immunodeficiency virus type 1 (HIV-1) infection as well as in the development of a virusspecific immune response (58) . The involvement of this cell type in the overall pathogenesis of the disease was described soon after the discovery of this retrovirus, but its exact contribution remains elusive (58) . The mechanism by which HIV-1 is transmitted from the mucosa to CD4 ϩ T cells is not entirely understood. Three possibilities have been proposed to explain how mucosal DCs come in contact with HIV-1. The first proposes a selective transcytosis of R5-tropic virions through the mucosal cells (8). The second suggests that the initial transmission of R5 virions can occur by infection of mucosal epithelial cells via the galactosylceramide and/or CCR5 receptors (50) . The third alternative promotes the idea that DCs present in the submucosal tissue capture HIV-1 particles with their dendrites (61, 62) . In all three pathways, the crucial events in both virus entry and transmission are the binding and capture of viruses by specific cell surface receptors. It is now well established that internalization of HIV-1 into target cells requires the formation of a fusion pore resulting from a highaffinity interaction between envelope spike glycoproteins (i.e., gp120) and a complex consisting of the CD4 receptor and a seven-transmembrane coreceptor (e.g., CXCR4 or CCR5) (15). However, it is becoming clear that the initial attachment step is more complex than first thought, since it is modulated by a number of interactions between the viral entity and the target cell surface (15, 75) . The most convincing example is the association between the gp120 oligosaccharides and different C-type lectin receptors, such as mannose receptor (CD206), langerin (CD207), and DC-specific intercellular adhesion molecule 3 (ICAM-3)-grabbing nonintegrin (DC-SIGN; also called CD209), which are all expressed on DCs. This association results in the capture of HIV-1 and its subsequent transmission to CD4 ϩ T cells, preferentially in a trans-infectious mode (3, 11, 19, 28, 34) . Following its capture by C-type lectin receptors, a virus particle is rapidly taken up into endolysosomal vacuoles, where it remains infectious for 1 to 3 days (74) , which is approximately the time required for the migration of DCs to the draining lymph nodes (42). When these DCs encounter CD4 ϩ T cells, the internalized viruses rapidly relocate to the DC-T-cell contact zone, the local region between the two cell types where viruses concentrate, referred to as the virological synapse (4, 49) . Such a close encounter between cells and viruses leads to efficient transfer, subversion of the immune system, and virus production in both cell types, particularly in responder CD4 ϩ T lymphocytes. The reported low levels of CD4, CXCR4, and CCR5 on DCs are probably responsible for their weaker susceptibility to productive HIV-1 infection in vitro compared to that of CD4 ϩ T cells (59, 73) . Interestingly, a recent work has shown that HIV-1 transfer from DCs to CD4 ϩ T cells occurs in two distinct phases (74) . In the initial transfer phase (i.e., early transfer) viruses located within endosomal compartments in DCs are transported to the DC-T-cell synapse as described above. This is followed by a second phase (i.e., late transfer) that is dependent on productive infection of DCs and eventual transfer of progeny virus to CD4 ϩ T cells. The process of HIV-1 attachment to DCs could also be influenced by costimulatory molecules such as ICAM-1 and LFA-1 (leukocyte function-associated antigen 1). These adhesion molecules, which are present on both virus-infected cells and the viral entity itself (6, 7, 71), actively participate in the regulation of immune responses as well as in various aspects of HIV-1 pathogenesis. For example, their expression levels are increased in advanced HIV-1-associated diseases (57) compared to those of the asymptomatic phase (1) . The interaction between ICAM-1 and LFA-1 can affect the progression of the disease in several ways. It has been shown to enhance cell-tocell virus transmission, augment virus production (22, 40, 43), facilitate syncytium formation (5, 38, 39), mediate a higher depletion of CD4 ϩ T cells, and favor a more-dramatic destruction of the architecture of lymphoid organs (38, 56). Moreover, the interaction between ICAM-1 and LFA-1 largely contributes to the increased transmission of HIV-1 by DCs (39, 40, 64), and it plays a role in HIV-1 attachment to follicular DCs (25).
Previous studies have clearly established that HIV-1 incorporates several host cell membrane constituents, including the adhesion glycoproteins ICAM-1 and LFA-1. It has been demonstrated that such host components remain functional when located on viral entities (6, 10, 12, 24) and have profound effects on specific steps of the virus life cycle (13, 54, 55). In fact, there is evidence that virus biology is affected upon incorporation of host-derived LFA-1 (41, 44). Although a previous study has revealed that HIV-1 capture and transfer by DCs are not affected by virus-anchored host ICAM-1 (9), the contribution of other virus-bound host molecules to the complex interplay between DCs and HIV-1 remains to be scrutinized. In contrast to what was observed with virus-associated host ICAM-1, we demonstrated here for the first time that HIV-1 production is increased in immature monocyte-derived DC (IM-MDDC)-T-cell cocultures when LFA-1-bearing virions are used for infection. The mechanism responsible for this phenomenon is linked with more-efficient HIV-1 infection of IM-MDDCs in a cis mode. Experiments performed with specific pharmacologic inhibitors indicate that the more-important productive infection of IM-MDDCs by LFA-1-bearing viruses seems to be dependent on cellular signal transduction pathways modulated by protein kinase A (PKA) and PKC. The contribution of the LFA-1-mediated effect as well as the physiological significance of our findings were proven in studies carried out in the presence of anti-LFA-1 antibodies in combination with progeny virus produced in natural cellular reservoirs.
MATERIALS AND METHODS
Reagents. 3Ј-Azido-3Ј-deoxythymidine (AZT), phytohemagglutinin-L, lipopolysaccharide (LPS), and LPS-free dimethyl sulfoxide were purchased from Sigma (St. Louis, MO). H89 and Ro-318220 were obtained from Calbiochem (San Diego, CA). Recombinant human interleukin-2 (IL-2) was obtained through the AIDS Repository Reagent Program (Germantown, MD). IL-4 and gamma interferon were purchased from R&D Systems (Minneapolis, MN), and granulocyte-macrophage colony-stimulating factor (GM-CSF) was a generous gift from Cangene (Winnipeg, Manitoba, Canada). The complete culture medium consisted of RPMI 1640 supplemented with 10% fetal bovine serum, penicillin G (100 U/ml), streptomycin (100 U/ml), and glutamine (2 mM), which were all purchased from Wisent (St-Bruno, Quebec, Canada).
Antibodies. The monoclonal anti-ICAM-1 antibody RR1/1.1.1 was kindly supplied by R. Rothlein (Boehringer Ingelheim, Ridgefield, CO) (63) . Anti-p24 (clone 31-90-25), anti-CD3 (clone OKT3; specific for the zeta chain), anti-CD18 (clone TS1/18.1), anti-CD11a (clone TS1/22.1), and anti-HLA-DR (clone L243) hybridomas were obtained from the American Type Culture Collection (Manassas, VA). These antibodies were purified by using MAbTrap protein affinity columns according to the manufacturer's instructions (Pharmacia Technology AB, Uppsala, Sweden). Anti-CD86 (clone BU-63) was supplied by D. L. Hardie (University of Birmingham, Birmingham, United Kingdom). Commercial anti-DC-SIGN antibodies were obtained from eBioscience (San Diego, CA) and R&D Systems. Anti-CD19 (clone LT19) and anti-CD14 (clone MEM-18) were obtained from EXBIO Praha (Prague, Czech Republic), and anti-CD83 (clone HP15E) was purchased from Research Diagnostics (Concord, MA). Phycoerythrin-conjugated goat anti-mouse immunoglobulin G (IgG) was purchased from Jackson ImmunoResearch Laboratories (West Grove, PA).
Cells. Human DCs were generated from monocytes. Briefly, peripheral blood was obtained from normal healthy donors, and peripheral blood mononuclear cells (PBMCs) were prepared by centrifugation on a Ficoll-Hypaque density gradient. Next, CD14 ϩ cells were isolated by using a monocyte-positive selection kit according to the manufacturer's instructions (MACS CD14 microbeads; StemCell Technologies Inc., Vancouver, British Columbia, Canada). CD14 ϩ cells were cultured in six-well plates at a density of 10 6 cells/ml. To generate IM-MDDCs, purified monocytes were cultured in complete culture medium that was supplemented every other day with GM-CSF (1,000 U/ml) and IL-4 (200 U/ml) for 7 days. The maturation of IM-MDDCs was induced on the fifth day by culturing them for 48 h with the above-described cytokines supplemented with gamma interferon (1,000 U/ml) and LPS (100 ng/ml). The final phenotype of IM-MDDCs and mature monocyte-derived DCs (M-MDDCs) was monitored by flow cytometry (data not shown). IM-MDDCs express HLA-DR, CD86, DC-SIGN, CD1a, and low levels of CD14, whereas M-MDDCs express CD83 and high levels of ICAM-1, HLA-DR, and CD86 but lower levels of DC-SIGN and CD14 than IM-MDDCs. The expression of CD3 and CD19 was measured to assess contamination with T and B cells, respectively. Adequate differentiation from monocytes to IM-MDDCs was based on the loss of CD14 and acquisition of CD1a and DC-SIGN. Autologous CD4 ϩ T cells were isolated using a negative selection kit according to the manufacturer's instructions (StemCell Technologies, Inc.). These cells were activated with the mitogenic agent phytohemagglutinin-L (1 g/ml) and maintained in complete culture medium supplemented with IL-2 (30 U/ml) at a density of 2 ϫ 10 6 cells/ml. Production of virus stocks. Virions were produced by transient transfection in human embryonic kidney 293T cells as previously described (12). Briefly, the cells were transfected using a calcium phosphate coprecipitation kit according to the manufacturer's instructions (CalPhos mammalian transfection kit; Clontech Laboratories Inc., Palo Alto, CA). Plasmids used in this study include pNL4-3 (X4-tropic), pJR-CSF (R5-tropic), and pNL4-3balenv (R5-tropic). The pNL4-3balenv vector was generated by replacing the env gene of the T-tropic HIV-1 strain NL4-3 with that of the macrophage-tropic HIV-1 Bal strain, resulting in an infectious molecular clone with macrophage-tropic properties (kindly provided by R. Pomerantz, Thomas Jefferson University, Philadelphia, PA) (20). The NL4-3 and JR-CSF molecular constructs were obtained through the AIDS Repository Reagent Program. The mammalian expression vectors coding for human ICAM-1 (i.e., pCD1.8) or LFA-1 (i.e., pCDL1 for the ␣L/CD11a chain and pCDB1 for the ␤2/CD18 integrin subunit) were kindly provided by T. A. Springer (Harvard Medical School, Boston, MA). In some instances, virus stocks were made after acute infections of mitogen-treated PBMCs with NL4-3balenv. The virus-containing supernatants were filtered through a 0.22-m cellulose acetate syringe filter and normalized for virion content by using a sensitive in-house, double-antibody sandwich enzyme-linked immunosorbent assay specific for the major viral core p24
Gag protein (10). The physical presence of host-encoded LFA-1 and ICAM-1 on progeny virus was evaluated by an immunocapture assay as previously described (data not shown) (48). All virus preparations underwent only one freeze-thaw cycle before being used in subsequent experiments.
DC-T-cell cocultures. DCs (IM-MDDCs and M-MDDCs) were first pulsed for 60 min at 37°C with isogenic virus particles either lacking or bearing host-derived LFA-1 molecules. In some experiments, DCs were pulsed with progeny virus jvi.asm.org originating from acutely infected PBMCs. Next, the virus-cell mixture was washed three times with phosphate-buffered saline (PBS) to remove untrapped virions. DCs were cocultured with autologous activated CD4 ϩ T cells at a ratio of 1 to 3 in complete culture medium supplemented with IL-2 (30 U/ml) in 96-well plates in a final volume of 200 l (except for that for Fig. 1 , from which IL-2 was omitted). Every 2 days, half of the medium was removed and fresh medium was added to the culture. Virus replication was estimated by measuring p24
Gag levels in cell-free culture supernatants. Virus internalization assay. DCs were pulsed for 60 min at 37°C with the studied isogenic virus stocks. The cells were then washed three times with PBS to remove untrapped virions. DCs were lysed with a hypotonic buffer as described previously (30), and the cell lysates were frozen at Ϫ20°C before the p24 contents were monitored. In some experiments, the extent of virus uptake was also quantified by flow cytometry. In brief, DCs pulsed with the tested virus stocks were incubated for 15 min at 4°C with a pool of human sera from 20 healthy donors to block Fc receptors. The cells were washed with PB buffer (PBS and 0.01% bovine serum albumin) before being incubated for 15 min at 4°C in the dark with a fluorescein isothiocyanate-tagged anti-DC-SIGN antibody (clone eB-h209; eBioscience, San Diego, CA). The cells were washed once, and the pellets were resuspended in 100 l of a permeabilization/fixation solution (Cytofix/Cytoperm; BD PharMingen, San Diego, CA) and incubated for 20 min at 4°C in the dark. The cells were washed with a PBCP buffer (PBS, 0.01% bovine serum albumin, and 0.01% Cytoperm). The anti-p24 (clone 31-90-25) and IgG1 isotypematched control antibodies were labeled with Alexa Fluor 546 according to the manufacturer's instructions (Molecular Probes, Eugene, OR) and diluted in the PBCP buffer before being added to the cells. The mixture was incubated for 30 min at 4°C. The cells were washed once more in the PBCP buffer before cytofluorometry analysis was performed (Coulter Epics XL).
Infection of IM-MDDCs and CD4
؉ T cells. De novo virus production in IM-MDDCs was monitored by incubating the cells for 60 min at 37°C with concentrations of the studied virus stocks similar to those that were produced in either transiently transfected 293T cells or mitogen-stimulated PBMCs. After three washes with PBS, the cells were maintained in complete culture medium supplemented with GM-CSF (1,000 U/ml) and IL-4 (200 U/ml). Virus production was estimated by quantifying the p24
Gag contents in the culture supernatants. In some studies, the percentage of IM-MDDCs productively infected with HIV-1 was monitored by estimating the number of cells positive for both cell surface DC-SIGN and intracellular p24 at 9 days postinfection. Briefly, IMMDDCs were first labeled with a fluorescein isothiocyanate-tagged anti-DC-SIGN antibody (clone 120507 from R&D Systems) or an appropriate control antibody. Next, intracellular labeling was achieved by using a commercial monoclonal anti-p24 antibody (R-phycoerythrin-labeled KC57; Coulter Clone, Mississauga, Ontario, Canada) or an appropriate isotype-matched irrelevant control antibody. Finally, the cells were analyzed using a flow cytometer (Coulter Epics XL). Purified CD4 ϩ T cells were incubated for 2 h with isogenic virus particles either lacking or bearing the studied host-derived molecule (i.e., LFA-1 or ICAM-1). After three washes with PBS, the cells were cultured in complete culture medium supplemented with IL-2 (30 U/ml) for 3 days, and virus production was estimated by assessing p24
Gag levels in the culture supernatants. Antibody-blocking assay. For coculture studies and de novo virus production, NL4-3balenv particles produced in PBMCs or isogenic virions produced in 293T cells either lacking or bearing host-derived LFA-1 were first incubated for 15 min at 4°C with F(abЈ) 2 fragments of anti-CD18 (TS1/18.1) and/or anti-CD11a (TS1/ 22.1) antibodies. The F(abЈ) 2 fragments of an isotype-matched IgG1 antibody (i.e., anti-CD32; kindly provided by P. H. Naccache, CHUL Research Center) (29) were also used as controls. Next, the virus-antibody mixture was diluted in four volumes of RPMI medium before being incubated with IM-MDDCs for 60 min at 37°C. Finally, the pulsed IM-MDDCs were either cocultured with autologous CD4
ϩ T cells or maintained in cultures as described above. Virus production was analyzed by measuring the p24
Gag contents in the culture supernatants. In some experiments, the virus-antibody mixture was incubated with mitogen-stimulated CD4 ϩ T cells, and virus production was assessed by measuring the p24 content in cell-free supernatants.
The F(abЈ) 2 fragments of anti-CD18, anti-CD11a, and anti-CD32 were prepared according to the manufacturer's instructions (Pierce, Rockford, IL). In brief, the antibodies were digested with ficin, and intact antibodies were eliminated by adding protein A and protein G beads. The integrity of the F(abЈ) 2 fragments was verified by assessing their ability to label intact human DCs, as determined by flow cytometry.
Real-time PCR. The amount of integrated viral DNA was assessed with the real-time PCR approach described by Suzuki and colleagues (68) . Briefly, the DNA in IM-MDDCs was extracted at day 12 postinfection with the QIAGEN DNeasy tissue kit according to the manufacturer's instructions. A first round of PCR was performed with an Alu sequence-specific sense primer (5Ј-TCC CAG CTA CTC GGG AGG CTG AGG-3Ј) (14) used in combination with an antisense HIV-1-specific primer (M661; 5Ј-CCT GCG TCG AGA GAT CTC CTC TG-3Ј, nucleotides 673 to 695). The cycling conditions of the first PCR consisted of a denaturation step (94°C for 3 min), followed by 22 cycles of denaturation (94°C for 30 s), annealing (66°C for 30 s), an extension (70°C for 10 min), and a final extension (72°C for 10 min). The first PCR products were diluted fivefold and subjected to a real-time PCR assay targeting the HIV-1 R/U5 region. The specific sense primer (M667; 5Ј-GGC TAA CTA GGG AAC CCA CTG C-3Ј, nucleotides 496 to 517) coupled to an antisense primer (AA55; 5Ј-CTG CTA GAG ATT TTC CAC ACT GAC-3Ј, nucleotides 612 to 635) was used with the fluorogenic probe TaqMan (FAM; 5Ј-TAG TGT GTG CCC GTC TGT TGT GTG AC-3Ј; BHQ-1) (Biosearch Technologies, Novato, CA). Next, PCR was performed using the Rotor-Gene 3000 four-channel multiplexing system (Corbett Research, Sydney, Australia). Cycling conditions included 40 denaturation cycles (95°C for 20 s) and an extension (60°C for 1 min). NL4-3 DNA was used for the standard curve (i.e., from 469 to 30,000 copies). HIV-1 standards contained 1 ng of DNA from uninfected cells as a carrier.
Statistical analysis. The statistical significance of the differences between groups was determined by Student's nonpaired t test (two-tailed). Calculations were made with GraphPad Prism software. P values of less than 0.05 were considered statistically significant. Gag ). After three washes with PBS, the cell-virus mixture was divided into three aliquots and cocultured with autologous CD4
RESULTS

HIV-1 production in IM-MDDC-T-cell cocultures is aug-
ϩ T cells at a DC-to-T-cell ratio of 1:3. Virus production was determined by measuring p24
Gag levels in the culture supernatants at the indicated time points (D.P.I., day postinfection). The data shown are the means Ϯ the standard deviations (SDs) of the results for triplicate samples and are representative of three independent experiments. * , P Ͻ 0.05; ** , P Ͻ 0.01. A 2-to 10-fold increase in virus production at 4 days following initiation of the coculture was observed with LFA-1-bearing virions for the three donors tested.
tion in DC-T-cell cocultures, IM-MDDCs and M-MDDCs were pulsed with isogenic R5-tropic virions either lacking or bearing ICAM-1 or LFA-1. Virus production was not affected by the presence of host ICAM-1 on the surfaces of viruses (data not shown), which is in agreement with previous observations (9). However, HIV-1 production was enhanced when LFA-1-bearing virions were used compared to that for isogenic viruses devoid of host LFA-1 (Fig. 1A) . Interestingly enough, a similar observation could not be made when studies were conducted with M-MDDCs (Fig. 1B) or X4-tropic virions (i.e., NL4-3) (data not shown). Therefore, the following series of investigations were performed exclusively with IM-MDDCs in combination with R5 viruses. The use of IM-MDDCs was also prompted by the idea that it is most likely the first cell type to come in contact with the virus, because these cells reside in mucosal tissues. Moreover, the following coculture experiments were performed in the presence of exogenous IL-2 to maintain the viability of autologous CD4 ϩ T cells after HIV-1 infection. Although the observed differences are smaller at earlier time points in the presence of IL-2, this experimental strategy confirmed that virus production is statistically more important when infection is performed with LFA-1-bearing HIV-1 particles (data not shown).
Activated CD4 ؉ T cells display comparable sensitivity to virions either lacking or bearing LFA-1. The next studies were aimed at providing the mechanistic basis by which virus-associated LFA-1 can enhance HIV-1 production in IM-MDDC-T-cell cocultures. Previously published reports indicate that viruses bearing host-derived ICAM-1 are more infectious for CD4 ϩ T cells than viruses lacking this adhesion molecule (10, 23, 24, 69). We examined whether part of the observed enhancement of HIV-1 replication with LFA-1-bearing virions could be due to a higher susceptibility of CD4 ϩ T lymphocytes to such viral entities. In this set of experiments, viruses either lacking or bearing ICAM-1 were used as controls. As expected, viruses carrying host-derived ICAM-1 on their surfaces were found to be more infectious than isogenic viruses lacking ICAM-1 (Fig. 2) . In contrast to what was observed in IM-MDDC-T-cell cocultures, virus production in CD4 ϩ T cells was comparable for virions lacking or bearing LFA-1.
Infection of IM-MDDCs in cis was promoted when LFA-1-bearing viruses were used. To shed light on the putative mechanism(s) by which virus-associated host LFA-1 can enhance replication of R5 virions in IM-MDDCs-T-cell cocultures, we initially measured the overall uptake of the tested virus preparations by IM-MDDCs. To this end, IM-MDDCs were first pulsed with viruses either lacking or bearing host-derived LFA-1 before being subjected to a hypotonic lysis buffer. Note that such studies were carried out with NL4-3balenv, which is a highly infectious R5-tropic viral strain (unpublished observations). Measurements of the intracellular p24
Gag contents revealed that LFA-1-bearing virions and viruses lacking hostencoded LFA-1 were internalized in IM-MDDCs with comparable efficiencies (Fig. 3A) . These findings were confirmed by double-staining studies of IM-MDDCs at an early time point after they were pulsed with HIV-1 (i.e., 1 h). Indeed, data from flow cytometry analyses indicated that a comparable percentage of DC-SIGN-expressing IM-MDDCs was positive for intracellular p24 staining following incubation with isogenic viruses either lacking (i.e., 3.8%) or bearing (i.e., 2.8%) host LFA-1 (Fig. 3B) .
Previously published data revealed that HIV-1 is transferred from DCs to CD4 ϩ T cells via a process involving two distinct phases (26, 74). An initial transfer phase (i.e., early transfer) occurs when the virus located within endosomal compartments in IM-MDDCs is transported to the DC-T-cell synapse and then transmitted directly to CD4 ϩ T cells (Fig. 4A ). This event is followed by a second kinetic phase (i.e., late transfer) that is dependent on productive virus infection of IM-MDDCs and eventual transfer of progeny virus to CD4 ϩ T cells. To define whether the presence of host LFA-1 on HIV-1 particles affects the early and/or late transfer phase, IM-MDDCs were treated with the antiretroviral drug AZT during pulsing with R5 virions. This treatment blocks the late transfer phase (i.e., productive virus infection) without affecting the early transfer mode. As expected, LFA-1-bearing viruses were transferred in greater amounts than isogenic virions lacking host LFA-1 in coculture studies performed in the absence of AZT (Fig. 4B) . However, the addition of AZT resulted in a comparable transmission level in the studied virus preparations, suggesting that IM-MDDCs are more efficiently infected with LFA-1-bearing virions than with viruses lacking host-derived LFA-1. Similar observations were made in experiments carried out with efavirenz, which is a nonnucleoside reverse transcriptase inhibitor (data not shown). To corroborate that the late-phase transfer is indeed the process that is modulated by the insertion of host LFA-1 within the virus envelope, IM-MDDCs were cocultured with autologous CD4 ϩ T cells 5 days following pulsing of IM-MDDCs with viruses. This is based on the previous demonstration that endosome-associated virions are not present within IM-MDDCs for more than 3 days after virus pulsing (74) . Data from this set of experiments confirmed that virus production is more important in IM-MDDC-T-cell cocultures following infection with virions carrying host-derived LFA-1 on their surfaces than in isogenic viruses lacking LFA-1 (Fig. 4C) . This phenomenon was also observed when another R5-tropic isolate of HIV-1 (i.e., JR-CSF) was used (data not shown).
To substantiate what seems to be a more-important produc-
FIG. 2. Virus replication in activated CD4
ϩ T cells. CD4 ϩ T cells (3 ϫ 10 5 cells) were exposed for 2 h to similar concentrations of isogenic NL4-3balenv, JR-CSF, or NL4-3 either lacking or bearing host-derived ICAM-1 or LFA-1 (15 ng of p24 Gag ). Virus production was determined by measuring p24
Gag levels in the culture supernatants at day 3 postinfection. The data shown are the means Ϯ the SDs of the results for triplicate samples and are representative of four independent experiments. *** , P Ͻ 0.001. tive infection of IM-MDDCs with LFA-1-bearing HIV-1 particles, IM-MDDCs were infected with NL4-3balenv particles either lacking or bearing host-encoded LFA-1 and de novo virus production by this cell type was estimated by monitoring the extracellular p24 contents. The results depicted in Fig. 5A indicate that more-important de novo virus production was observed when IM-MDDCs were inoculated with LFA-1-bearing virions than with viruses devoid of host-derived LFA-1. Measurements of integrated virus DNA copies provided further evidence that infection in cis of IM-MDDCs was increased when virus particles carrying LFA-1 on their surfaces were used (Fig. 5B) . Finally, to eliminate the possibility that the observed increase in virus production might be due to contaminating cells in our culture system (e.g., undifferentiated mono- munological synapse, and ICAM-1 internalization (17, 45, 52, 65, 67, 70) . We explored the contribution of such signal transducers to the observed increase in productive infection of IMMDDCs by pretreating cells with several pharmacological kinase inhibitors before exposing them to the virus. Virus production in IM-MDDCs following infection with virions bearing host-derived LFA-1 was not affected by the Src tyrosine kinase inhibitor PP2 or following inhibition of Syk by piceatannol (data not shown). However, although pretreatment of IM-MDDCs with the PKA inhibitor H89 or the PKC inhibitor Ro-318220 had no significant effect on the replication of virions lacking LFA-1 (Fig. 6A) , replication of LFA-1-bearing viruses was markedly reduced upon pretreatment of IMMDDCs with these two pharmacological agents (Fig. 6B) . Comparable findings were made when the amounts of integrated viral DNA copies were measured (Fig. 6C) . These findings suggest that the PKA-and PKC-mediated signal transduction pathways are key elements in the more-important productive HIV-1 infection in IM-MDDCs that is conferred by host-derived LFA-1.
The LFA-1-mediated effect was specific and still present when virus produced in a natural cellular reservoir was used. The specificity of the LFA-1-ICAM-1 interaction in the observed phenomenon was addressed by performing coculture experiments with isogenic NL4-3balenv particles either lacking or bearing host LFA-1 in the presence of an antibody that can block interactions between LFA-1 and ICAM-1 (i.e., anti-CD11a). The data illustrated in Fig. 7 demonstrate that virus production in IM-MDDC-T-cell cocultures was reduced when LFA-1-bearing virions and the anti-CD11a antibody were used, whereas replication of viruses lacking host-derived LFA-1 was minimally affected.
We addressed the biological significance of the observed phenomenon by performing additional coculture and infection studies with viruses produced in primary human cells in combination with blocking antibodies specific for the LFA-1 subunits (i.e., CD18 and CD11a). This task was achieved by testing NL4-3balenv particles amplified in acutely-infected PBMCs. The results shown in Fig. 8A indicate that HIV-1 replication in IM-MDDC-T-cell cocultures was reduced in the presence of the tested anti-LFA-1 antibodies but was not affected by a control antibody. Moreover, de novo virus production in IMMDDCs was also reduced upon treatment with anti-CD18-and anti-CD11a antibodies (Fig. 8B) , whereas an isotypematched control antibody had no comparable effect. It is important to note that all experiments with anti-LFA-1-blocking antibodies were performed with the F(abЈ) 2 fragments of anti-CD18 or anti-CD11a to avoid any nonspecific effects mediated by the binding of antibodies to Fc receptors, which are highly expressed on IM-MDDCs. In some experiments, mito- Gag ). After three washes with PBS, the cell-virus mixture was divided into three aliquots and cocultured with autologous CD4
ϩ T cells at a DC-to-T-cell ratio of 1:3. Virus production was determined by measuring p24 Gag levels in the culture supernatants at day 3 following initiation of the coculture. (C) The late transfer phase was assayed as follows. First, IM-MDDCs (5 ϫ 10 5 cells) were pulsed with similar concentrations of isogenic NL4-3balenv either lacking or bearing host-encoded LFA-1 (50 ng p24 Gag ). Next, 5 days later, IM-MDDCs were cocultured with autologous CD4
ϩ T cells at a DC-to-T-cell ratio of 1:3. Virus production was determined by measuring p24 gen-stimulated CD4 ϩ T cells were exposed to HIV-1 particles produced in either PBMCs or transiently transfected 293T cells in the absence or presence of anti-LFA-1 antibodies. The anti-LFA-1 antibodies had no effect whatsoever on the replication of the tested virus stocks in CD4 ϩ T cells (data not shown). This suggests that the anti-LFA-1 antibodies did not induce the formation of clumps made of virus particles and were most likely acting by blocking the normal interaction between virusanchored host LFA-1 and its normal counter ligand (i.e., ICAM-1) on the surfaces of IM-MDDCs.
DISCUSSION
It is now well accepted that interactions between DCs and HIV-1 are complex and multifactorial. For example, they involve molecular interactions between gp120 and various cell surface constituents, including CD4, DC-SIGN, mannose receptor, heparan sulfate proteoglycans, and possibly other stillunknown receptors. Previous studies have clearly established that HIV-1 incorporates several functional host cell membrane proteins, including cell adhesion molecules, that can potentially have profound effects on some specific steps of the virus . After three washes with PBS, the cells were cultured in complete culture medium supplemented with GM-CSF and IL-4. Virus production was determined by measuring p24
Gag levels in the culture supernatants at the indicated time points. The amount of integrated viral DNA was quantified at day 12 after virus exposure with real-time PCR assays, as described in Materials and Methods (C). The data shown are the means Ϯ the SDs of the results for triplicate samples and are representative of at least four independent experiments. ** , P Ͻ 0.01; DPI, day postinfection.
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life cycle, such as attachment and entry (5, 12, 24, 44, 69). Even though a previous work revealed that adhesion molecules play an important role in achieving a very successful HIV-1 transmission from DCs to autologous CD4 ϩ T cells (72), there is still minimal information on the contribution of virus-associated host molecules to this process. We provided evidence in this study that greater amounts of virus were produced by IM-MDDC-T-cell cocultures when infection was allowed to proceed with LFA-1-bearing virions than with isogenic virions devoid of host-derived LFA-1. The mechanism underlying this increased HIV-1 replication is not linked with higher susceptibility of CD4 ϩ T cells to infection with LFA-1-bearing viruses but rather is due to a more-important productive infection of IM-MDDCs. Experiments performed with specific inhibitors indicated that the more-important productive infection of IMMDDCs that is conferred by virus-anchored host LFA-1 seems to be dependent on the cellular signaling pathways modulated by PKA and PKC. Our observations are in agreement with those of previous studies showing that IM-MDDCs are not productively infected with X4-tropic virions (53) and that HIV-1 infection occurs almost exclusively in IM-MDDCs, not in M-MDDCs, in which virus replication is blocked at a postentry level (32, 33) . It has been demonstrated that virus preparations contain various contaminants, such as microvesicles and/or exosomes (31). Exosomes might represent a confounding factor, since they can incorporate a wide variety of host cell surface molecules that remain functional (16). Therefore, studies were also performed with virus stocks that were subjected to a velocity gradient-based method to separate HIV-1 particles from cellular contaminants (i.e., a 6% to 18% Optiprep density gradient) (18, 37, 51, 76) . A comparable increase in productive infection of IM-MDDCs was observed when highly purified LFA-1-bearing virions were used (data not shown), thereby indicating that the observed phenomenon is really due to virus-anchored host LFA-1 and not to LFA-1-bearing cellular contaminants. It is important to emphasize that the contribution of virus-incorporated host LFA-1 to the process of HIV-1 replication in DC-T-cell cocultures was carried out using in vitro-differentiated DCs (i.e., IM-MDDCs). Similar experiments using immature DCs obtained directly from the blood will need to be done to reconfirm this finding, because these cells display characteristics that might be different from those of IM-MDDCs. For example, blood-derived immature DCs do not express cell surface DC-SIGN.
Attachment of the virus to a target cell is a critical event in the infection process, and as the understanding of virus-host interactions expands, it is becoming clear that the initial binding step requires several specific and nonspecific cell surface structures for its completion. It is now recognized that the entry of HIV-1 into myeloid cells (e.g., DCs and macrophages) can occur through at least three distinct processes: cytosolic delivery, which results in productive infection (46, 47, 60); endocytosis, which is thought to lead to degradation by lysosomal enzymes (74) ; or targeting of internalized viruses into acidic nonlysosomal compartments, where virus infectivity is preserved to facilitate subsequent transmission during the formation of the virological synapse (4, 27, 28) . It has been observed that virus-associated host proteins can increase HIV-1 adsorption onto host cells and modify the entry route (36, 69). The interactions between virus-anchored LFA-1 and its natural counterreceptors on the surfaces of IM-MDDCs do not seem to affect the first steps in the virus replicative cycle, as indicated by measuring cell-associated p24 contents and assessing the percentage of p24-positive IM-MDDCs. How- ever, data from real-time PCR, double staining (i.e., cell surface DC-SIGN and intracellular p24), and infection studies demonstrate that virus-associated LFA-1 molecules modulate productive virus infection of IM-MDDCs. For example, flow cytometric analyses indicate that less than 4% of IM-MDDCs are positive for both DC-SIGN and p24 following infection with LFA-1-bearing virions compared to less than 1% following infection with viruses lacking LFA-1 (Fig. 5C ). Note that a moderate productive infection of IM-MDDCs is in agreement with published observations, since it was shown that only 1 to 3% of DCs from healthy donors can be productively infected with HIV-1 in vitro, as determined by intracellular p24 staining (66) . The process through which virus-associated LFA-1 can lead to a more-productive infection of IM-MDDCs is still unclear, but different possibilities can be proposed. We postulate that the intracellular itinerary of HIV-1 within IM-MDDCs might be different for viruses bearing host-derived LFA-1 on their surfaces. We hypothesize that a higher proportion of LFA-1-bearing viruses gains access to the cytosol and/or a lower percentage of internalized LFA-1-bearing virions is destroyed in the endosomal apparatus. For example, the additional interactions between virus-associated LFA-1 and their natural counterligands on the surfaces of IM-MDDCs might favor the binding of gp120 to the complex made of CD4 and an appropriate coreceptor (e.g., CCR5), which would promote the cytosolic delivery of virus material through a pH-independent fusion of viral and cellular membranes. This postulate is supported by the ability of CCR5 antagonists to inhibit de novo virus production by IM-MDDCs (data not shown). Interestingly, ICAM-1 incorporation increases the efficiency of productive HIV-1 entry into primary CD4 ϩ T cells by enhancing the level of virus material released into the cytosol (36, 69). A fractionation assay to separate the cytoplasmic and vesicular fractions upon entry of HIV-1 into IM-MDDCs could be attempted to shed light on the process through which virusassociated host LFA-1 can affect the route of entry of HIV-1. Unfortunately, the percentage of p24-positive cells detected following pulsing of IM-MDDCs with the tested virus preparations is too low to perform an informative cell fractionation assay (i.e., less than 4%) (Fig. 3B) . Given that HIV-1 entry into macrophages is thought to be mediated primarily by macropinocytosis (47), it can also be hypothesized that virus-anchored host LFA-1 molecules promote this mode of virus internalization in IM-MDDCs. Note that, although most virions found in macropinosomes are degraded, a pH-independent productive virus infection has been shown to occur in macrophages (47). The observation that the uptake of anti-ICAM-1 conjugates by endothelial cells takes place via macropinocytosis (52) is supportive of this scenario. This possibility can be assessed through the use of dimethyl amiloride, an agent known to inhibit macropinocytosis. Unfortunately, productive infection of IM-MDDCs with HIV-1 particles lacking host LFA-1 is significantly reduced upon treatment with dimethyl amiloride (unpublished observations). Signaling through the cognate ligands of LFA-1 on IM-MDDCs could also favor the assembly and/or transport of the preintegration complex by yet-to-bedefined processes. Additional studies are needed to gain useful information on how de novo virus production can be enhanced in IM-MDDCs upon infection with LFA-1-bearing HIV-1 particles.
A fascinating observation of the current study relates to abolishment of the more important productive infection of IM-MDDCs with LFA-1-bearing viruses following treatment with PKA or PKC inhibitors. It has been reported that the specificity of protein phosphorylation/dephosphorylation events is achieved through the targeting of multienzyme signaling complexes containing, for example, PKA and PKC toward particular substrates at specific cellular microdomains, such as lipid rafts (reviewed in reference 65). The process of internalization of HIV-1 in DCs seems to be dependent on lipid raft integrity (35). PKA and its substrates are known for their role in modulating signaling cascades in several cellular processes, such as antigen-uptake and formation of immunological synapses, and also in the regulation of activities of several proteins, such as small RhoA GTPases, phospholipase C gamma 1, the adaptor protein Csk, and the transcription factors NF-B and NFAT (70) . To date, there is a very limited amount of data concerning the roles played by PKA and PKC in LFA-1-mediated signal transduction pathways and uptake of HIV-1 particles by DCs. Interestingly, activation of PKC following ligation of ICAM-1 by specific antibodies leads to cytoskeleton rearrangement in brain endothelial cell lines (21), and macropinocytosis is a process relying on cytoskeleton rearrangement (2).
In conclusion, our studies provide novel insights into the complex interactions between HIV-1 and DCs. Given the central role played by DCs in the pathogenesis of HIV-1 infection, a better understanding of the process by which HIV-1 can productively infect this cell type can certainly help in the discovery and development of new and better therapeutic agents. Indeed, the demonstrated involvement of virus-bound host LFA-1 in productive infection of IM-MDDCs should be taken into account when designing strategies aimed at blocking HIV-1 uptake by DCs.
